Clostridium difficile spore germination is critical for the transmission of disease. C. difficile 14 spores germinate in response to cholic acid derivatives, such as taurocholate (TA), and amino 15 acids, such as glycine or alanine. Although the bile acid germinant receptor is known, the amino 16 acid germinant receptor has remained elusive. Here, we used EMS mutagenesis to generate 17 mutants with altered requirements for the amino acid co-germinant, similar to the strategy used 18 previously to identify the bile acid receptor, CspC. Surprisingly, we identified strains that do not 19 require amino acids as co-germinants, and the mutant spores germinated in response to TA alone. 20 Upon sequencing these mutants, we identified different mutations in yabG. In C. difficile, yabG 21 expression is required for the processing of CspBA to CspB and CspA and preproSleC to 22 proSleC during spore formation. A defined yabG mutant exacerbated the EMS mutant 23 phenotype. Moreover, we found that various mutations in cspA caused spores to germinate in the 24 presence of TA alone without the requirement of an amino acid. Thus, our study provides 25 evidence that apart from regulating the CspC levels in the spore, CspA is important for 26 recognition of amino acids as co-germinants during C. difficile spore germination and that two 27 pseudoproteases (CspC and CspA) function as the C. difficile germinant receptors.
Introduction 29
Clostridioides difficile (formerly Clostridium difficile) [1-3] is a Gram-positive, spore-30 forming pathogenic bacterium, and has become a leading cause of nosocomial diarrhea in the procedure was repeated iteratively for 4 -5 times before isolating candidate strains for 144 phenotypic screening.
145
Characterizing mutant phenotypes 146 The mutant spores were initially characterized by measuring the CaDPA release from 147 germinating spores. Spores were heat activated at 65 °C for 30 minutes and suspended in water 148 at an OD 600 = 50. The spores were then added to final OD of 0.5 in 100 µL final volume of 149 HEPES buffer containing 250 µM Tb 3+ , 10 mM TA and / or 10 mM betaine in a 96 well plate. 150 The CaDPA release was measured using a SpectraMax M3 plate reader for 30 minutes at 37 °C 151 with excitation at 270 nM and emission at 545 nM with a 420 nM cutoff.
152
The phenotype of the yabG mutant (RS08) and cspBA deletion mutants were determined 153 by measuring changes to the OD 600 and release of DPA. OD 600 was monitored at 37 °C for 1 -2 154 hrs using a plate reader. The spores were added to a final OD of 0.5 in HEPES buffer 155 supplemented with 30 mM glycine alone or 10 mM TA alone or 10 mM TA and 30 mM glycine 156 in 100 µL final volume. CaDPA release was measured as described above with spores containing 157 final OD 600 of 0.25.
158

DNA Sequencing 159
High-quality genomic DNA was purified from logarithmically growing C. difficile cells [47] . 160 Genomic DNA from the EMS-mutant strains and the wild type parent was sent for paired end 161 sequencing at Tufts University Genomics Core. Reads were aligned to the R20291 genome using 162 DNASTAR software and SNPs determined (DNASTAR, Madison, WI) . RAW sequence (fastq) 163 reads were uploaded to the NCBI Sequence Read Archive as follows (Table 1) 
Molecular Biology 167
The oligonucleotides used for making the strains and plasmids used in this study are 168 listed in Table S1 . yabG and sleC mutants were created in the C. difficile R20291 background by 169 using the TargeTron mutagenesis system. The potential insertion sites for targeting the group II 170 intron were found using the Targetronics algorithm (Targetronics, LLC.) and a gBlock 171 (Integrated DNA Technologies, San Jose, CA) of the group II intron targeted to yabG at the 279 th 172 nucleotide, relative to the start codon, was ordered (Table S1 ) and cloned into pJS107 at the 173 HinDIII and BsrGI restriction sites using Gibson assembly. The ligation was then transformed 174 into E. coli DH5α. The site to engineer a TargeTron insertion in sleC (pCA6) was previously 175 described for C. difficile UK1 [46] and the same protocol was used to engineer the insertion into 176 R20291. The TargeTron insertion plasmids were isolated from E. coli DH5α and transformed 177 into E. coli MB3436 (a recA + strain) and then into B. subtilis (BS49). Conjugation between B.
178 subtilis and C. difficile R20291 was performed on TY-agar medium for 24 hrs before plating 179 onto selection plates. Once the plasmid was inserted into C. difficile, the colonies were screened 180 for tetracycline-sensitive and thiamphenicol-resistant colonies and confirmed with PCR. yabG or 181 sleC TargeTron mutants were selected by plating the colonies onto BHIS supplemented with 182 lincomycin. Lincomycin-resistant colonies were tested by PCR and confirmed by sequencing the 183 mutation. yabG and sleC TargeTron mutants were renamed as RS08 and RS10, respectively 184 (Table 3) .
185
A yabG complementing plasmid (pRS97) was created using primers 5' 186 XbaI_Prom_YabG and 3' YabG_XhoI to amplify the yabG promoter and yabG coding regions 187 and cloned into pJS116. The complementing plasmid was then inserted into C. difficile RS08 by 188 conjugation with B. subtilis, as described above.
To engineer the required site-specific deletions, the pyrE-mediated allelic exchange 190 strategy was used with the C. difficile CRG2359 strain (R20291 ∆pyrE). Briefly, 1 kb upstream 191 and 1 kb downstream fragments that surround the desired mutation in cspBA or preprosleC were 192 cloned into pJS165 using primers listed in Table S1 . The plasmids were inserted into C. difficile 193 CRG2359 strain using B. subtilis conjugation as described above. The strains containing the 194 plasmids were then passaged several times to encourage the formation of single recombinants 195 before passing onto CDMM-FOA-uracil medium. Thiamphenicol-sensitive candidate strains 196 were tested by PCR for the desired mutations and confirmed by sequencing for the mutagenized 197 regions. Where indicated, pyrE was restored to wild type using pRS107 (Table 2) .
198
Western blot 199 Samples were prepared for CspB, CspA, and CspC western blot by extracting soluble 200 proteins from 2 x 10 9 / mL spores [R20291, yabG::ermB, yabG::ermB pRS97 (pyabG) ]. For the 201 protein standard, recombinant CspB, SleC and CspC protein were purified using a previously Tween-20 (TSBT) for 20 minutes each at room temperature. The membranes were then 209 incubated with anti-CspB, anti-CspC or anti-SleC antibodies for 2 hours and washed with TSBT 210 thrice. For the secondary antibody, AlexaFlour 555-labeled donkey anti-rabbit antibody was used 211 to label the membranes for 2 hours, in the dark. The membranes were washed again, thrice, with 212 TBST, in the dark, and scanned with GE Typhoon Scanner using Cy3 setting, an appropriate 213 wavelength for the Alexa Flour 555 fluorophore. The fluorescent bands were quantified using 214 ImageQant TL 7.0 image analysis software. Intensity of the extracted protein in each blot was 215 compared to the standard curve that was generated from the recombinant protein included on 216 each blot.
217
To analyze SleC activation, equal number of spores were suspended in HEPES buffer 218 supplemented with 30 mM glycine or 10 mM TA or 10 TA and 30 mM glycine and incubated at 219 37 °C for 1 hr to 2 hrs. The samples were then centrifuged at 15,000 X g for 1 minute and pellets 
Results
234
Identifying C. difficile mutants with altered co-germinant requirements 235 In order to identify the receptor with which amino acid co-germinants interact, we used a 236 strategy that was previously used to identify the bile acid germinant receptor (CspC) [37] .
237
Although other strategies, such as Tn-seq, could be used to generate random mutations, most of 238 these will result in germination null phenotypes and do not permit the screening of subtler 239 phenotypes. As shown in Figure 1A , wild type C. difficile UK1 vegetative cells were exposed to 240 EMS and recovered. Purified spores derived from the mutagenized bacteria were then 241 germinated in buffer supplemented with 10 mM TA and 10 mM betaine. The structural 242 difference between glycine and betaine is the presence of three methyl groups attached to the N-243 terminus rather than two hydrogen atoms. Because betaine is a glycine analog and does not 244 stimulate spore germination when added with TA [48], we hypothesized that we could isolate 245 change-of-function mutants that recognize betaine as a germinant or those that no longer require 246 glycine as a co-germinant. Spores incubated in the presence of buffered TA and betaine were 247 then plated and allowed to form spores. Potential mutants were enriched with this strategy 4 -5 248 times before isolating colonies and screening for phenotypes.
249
Across several mutagenesis experiments, the most commonly-observed phenotypes were 250 strains that did not require the co-germinant glycine to germinate and germinated in response to 251 taurocholate only (TA-only). As shown in Figure 1B , wild type C. difficile UK1 spores required 252 both TA and glycine to stimulate the release of CaDPA from the core. However, spores purified 253 from isolates derived from separate EMS mutageneses released CaDPA in the presence of TA 254 only ( Figure 1C , 1D, and 1E). Importantly, though, these mutants still responded to glycine, the 255 germination efficiency / rate increased upon glycine addition. To identify the mutation(s) that 256 caused this phenotype, five different mutant strains (isolated from 4 independent EMS 257 mutageneses) and a wild-type control were sent for genome re-sequencing. Surprisingly, when 258 the sequences of the mutant strains were compared to the sequence of the wild-type parent, we 259 identified SNPs common to all 5 mutants in the coding region or the promoter region of yabG, 260 coding for a sporulation-specific protease (Table 1) .
261
Characterizing the function of yabG 262 To confirm that the TA-only phenotype is caused by a mutation in yabG, we inserted a 263 group II intron into the yabG gene of C. difficile R20291 using TargeTron technology.
264
Germination of the C. difficile yabG::ermB mutant (RS08) spores was compared to wild type 265 using both OD 600 and CaDPA release assays ( Figure 2 ). As shown in Figure 2A , wild-type C. 266 difficile R20291 spores required both TA and glycine in order to germinate. Interestingly, the 267 RS08 mutant spores germinated in response to TA-only and this germination phenotype was not 268 enhanced by the addition of glycine (in contrast to the phenotype of the EMS-mutant spores) 269 ( Figure 2B ). We also tested L-alanine as a co-germinant instead of glycine ( Figure S2 ), however, Figure 2C ). The TA-only phenotype in the mutant spores was also confirmed by CaDPA release 274 and compared to spores from both wild type and the complemented strain ( Figure 2D , 2E, 2F).
275
In prior work, a yabG mutant strain accumulated unprocessed CspBA into spores [42] .
276
To confirm that the generated yabG mutant results in the accumulation of CspBA, we extracted 277 spores derived from R20291, RS08 and the complemented strain and separated the extracted 278 protein by SDS-PAGE. The separated protein was then detected using immunoblotting with 279 CspB-specific antisera ( Figure 2G ). Although the blot showed that some CspBA is still 280 remaining in both the wild type and complemented strains, the yabG mutant had mostly the unprocessed, CspBA form. Similarly, the CspA western blot showed that the yabG mutant had 282 both the CspBA and CspA forms. The mutation in yabG did not appear to affect CspC 283 incorporation into the spores although these results are not quantitative.
284
YabG also was to be required for the processing of preproSleC into proSleC [42] . Indeed, 285 whereas the wild-type and complemented strains incorporated into spores the processed, 286 proSleC, form, only preproSleC was incorporated into the RS08 strain ( Figure 2H ). When tested 287 for the processing of SleC during germination, the wild-type and the complemented strains Introducing the yabG complementing plasmid resulted in significantly increased 302 incorporation of proSleC and CspC into spores compared to the RS08 strain ( Figure 3A ; only the 303 preproSleC form is incorporated into the RS08 strain) or the wild-type strain ( Figure 3B ), 304 respectively. There were no statistical differences in the abundance of SleC or CspC between the 305 wild-type and mutant strains. Importantly, there was a statistical difference in the abundance of 306 CspB in all pair-wise comparisons of the wild type and complemented strain (there was no 307 quantifiable CspB protein in spores derived from the RS08 strain; Figure 3C ). Finally, spores 308 derived from the RS08 strain had significantly more CspBA incorporated than did the wild-type 309 or the complemented strains ( Figure 3D ). Because spores derived from the complemented strain 310 had increased abundances of proSleC ( Figure 3A ), CspC ( Figure 3B ), and CspB ( Figure 3C ), but 311 did not produce a TA-only phenotype, this suggests that increased abundance of these proteins is 312 not the reason for the observed TA-only phenotype in the yabG mutant strain. Importantly, 313 though, the yabG mutant accumulated much more CspBA into spores than did the wild-type or 314 the complemented mutant strains ( Figure 3D ) and only accumulated the preproSleC form ( Figure   315 2H). Therefore, we hypothesized that the presence of full-length CspBA and / or preproSleC 316 could contribute to the observed TA-only phenotype.
317
Deletions in the cspBA coding sequence lead to the observed TA-only phenotype. 318 Because CspB and CspC are already known to be involved in regulating C. difficile spore 319 germination [37, [42] [43] [44] 46] , we chose to first focus on the potential processing of CspBA by 320 YabG. In prior work by Kevorkian et. al. [42] , the CspBA processing site was hypothesized to 321 occur at or near amino acid 548. To test this hypothesis, we deleted from the C. difficile 322 CRG2359 (C. difficile R20291 ΔpyrE) chromosome 12 aa between CspB and CspA (cspBA Δ548-323 560 ) using pyrE-mediated allelic exchange. After confirmation of the engineered mutation in the 324 CRG2359 genome, the pyrE gene was restored, and germination of the resulting strain was 325 compared to pyrE-restored CRG2359 strain (C. difficile RS19; Figure S3A ). We found that the 326 CspBA ∆548-560 allele did not have any effect on germination ( Figure S3B ).
Next, to determine if deletions in the coding region in or between cspB and cspA affect 328 spore germination, we deleted various regions within the cspBA gene in the CRG2359 strain 329 ( Figure 4A ). The results of the germination phenotype in various deletions are shown in Figure   330 4. Deletion of 26 codons from the C-terminus of cspB (RS20; CspBA ∆522-548 ) did not affect spore 331 germination ( Figure 4C ) when compared to the wild-type CRG2359 strain ( Figure 4B ). These 332 results suggest that the C-terminus of CspB is not involved in generating the TA-only phenotype.
333
Interestingly, deletion of 26 codons at the N-terminus of cspA (RS21; CspBA ∆560-586 ) resulted in 334 spores that germinated in response to TA-only, after 60 minutes of incubation in the germination 335 solution ( Figure 4D ). Though deletion of 25 codons in between the cspB and cspA coding 336 sequences did not result in a TA-only phenotype (RS23; CspBA ∆542-567 ) ( Figure 4E ), extending 337 the deleted region by another 9 codons into the surrounding region (RS24; CspBA ∆537-571 ) 338 resulted in spores that germinated in response to TA-only, again after 60 minutes of incubation 339 ( Figure 4E) . Importantly, the spores derived from the RS21 and RS24 strains still respond to 340 glycine as co-germinant, despite also germinating in response to TA-only. Because the TA-only 341 phenotype appeared to be enhanced as more cspA was deleted (RS21 to the RS24 strain), we 342 predicted that a larger deletion might result in a phenotype similar to that observed in the yabG 343 mutant (which does not recognize glycine as a co-germinant). We found that when 50 codons 344 were deleted from the N-terminus of CspA (RS27) the spores no longer germinated ( Figure 4F ).
345
These results were confirmed by analyzing the release of CaDPA from the germinating spores 346 ( Figure S4 ).
347
During construction of the deletion strains, we encountered significant difficulties in 348 restoring the pyrE allele to wild type. To circumvent this obstacle, and to understand if C. 349 difficile spore germination is affected by the pyrE deletion, we restored pyrE in the RS21 strain 350 (CspBA ∆560-586 , pyrE + ; RS26) and compared with the RS19 strain (CRG2359 with restored pyrE). 351 As shown in Figure S5A , C. difficile RS19 required both TA and glycine to germinate but the 352 RS26 strain germinated in response to TA-only ( Figure S5B) . These results were confirmed by 353 analyzing the release of CaDPA from the spore (Figure S5C and S5D) . Finally, we analyzed the 354 activation of proSleC to SleC in response to TA alone. Only the RS26 strain cleaved proSleC in 355 response to TA alone ( Figure S5E ). These observations are identical to the observations made for 356 the RS21 strain (Figure 4 and Figure S4 ) and indicate that the pyrE allele does not influence C. 357 difficile spore germination in the context of these studies.
358
To confirm our observations that the strains germinated in response to TA alone, we 359 analyzed by western blot the activation of SleC ( Figure 5A ). SleC activation in response to 10 360 mM TA only occurred in RS21 and RS24 while RS27 did not germinate in response to TA and 361 glycine. The CspB western blot showed that CspBA was processed to CspB and CspA in all of 362 the mutants, compared to wild type ( Figure 5B ). The CspC western blot did not reveal any 363 differences between the wild type and mutant strains, except for the RS27 strain where no CspC 364 was detected.
365
Deletion of a hypothesized YabG cleavage site in CspA and preproSleC results in the TA-366 only phenotype 367 The data presented above suggests that the N-terminus of CspA is important for 368 regulating spore germination. We had hypothesized that this region is processed by YabG but all 369 the generated cspA alleles generated a protein that was processed into the CspB and CspA forms.
370
One way to identify the YabG processing site in CspA is by pulldown of CspA from the spore 371 extract and sequencing the CspA protein using mass spectrometry. Unfortunately, the CspA 372 antibody was unable to immunoprecipitate CspA from the spores due to the quality of the 373 antibody. However, we predicted that the YabG processing site in CspBA might be conserved in 374 preproSleC. Instead of immunoprecipitating CspA, we immunoprecipitated proSleC from spore 375 extracts derived from wild-type spores and sleC mutant spores (as a negative control) ( Figure   376 6A). Using the sample from the proSleC pull down, we identied fragments by mass spectrometry 377 of trypsin-digested proSleC ( Figure 6B ). In this experiment, the most N-terminal fragment 378 identified began with glutamine followed by serine (an SRQS sequence). When we compared 379 this sequence to the protein sequence in CspA, we found that within the N-terminus of CspA 380 there was a SRQS amino acid sequence that was encompassed within the deletions found in the 381 RS21 strain (a strain that generated a TA-only phenotype).
382
We deleted the nucleic acid sequence that encodes this SRQS motif in sleC, cspBA, or in 383 both genes ( Figure 7A) . Surprisingly, the deletion of the SRQS site in CspA resulted in spores 384 that germinated in response to TA-only within 40 minutes after germinant addition ( Figure 7B ).
385
However, deletion of the SRQS motif within preproSleC did not affect spore germination ( Figure   386 7C). When these two deletions were combined in the same strain, the spores had a TA-only 387 phenotype similar to that of spores with a deletion in CspA alone ( Figure 7D and 7A ). Next, we 388 confirmed these phenotypes by analyzing the release of CaDPA from the spore ( Figure S6 ).
389
Again, only when the cspA ∆SRQS allele was incorporated into spores did the resulting strains 390 release CaDPA in response to TA-only ( Figure S6A and S6C) ; sleC ∆SRQS spores required both 391 TA and glycine to release CaDPA ( Figure S6B ). 392 We next analyzed the activation of SleC for these deletions. proSleC was activated in 393 response to TA-only phenotype in the RS29 (cspA ∆SRQS ) and the RS31 (cspA ∆SRQS + sleC ∆SRQS ) 394 strains but not in the RS30 (sleC ∆SRQS ) strain ( Figure 7E ). Interestingly, we also noticed that 395 deletion of the SRQS sequence in the RS30 and RS31 strains did not result in the incorporation 396 of full length preproSleC into the spores. Rather, preproSleC was still processed to a size 397 consistent with a proSleC form, potentially suggesting that the SRQS sequence is not the YabG 398 cleavage site or the presence of an alternative YabG processing site in preproSleC. There was no 399 difference in the CspB, CspC and CspA incorporation in these SRQS deletion mutants compared 400 to wild type (CRS2359; Figure 7F ). Regardless, our results indicate that due to mis-processing of 401 CspBA, or alterations within the cspA sequence, spores lose the requirement for an amino acid 402 co-germinant during spore germination. Previous studies on C. difficile spore germination have hypothesized the presence of an 406 amino acid co-germinant receptor. We used EMS mutagenesis to screen for C. difficile mutants 407 whose spores recognize betaine as a germinant. Excitingly, we isolated mutants that did not 408 require an amino acid as a co-germinant, and these EMS-mutants germinated in response to TA-409 only. However, these mutants still recognized glycine as a co-germinant; the rate of germination 410 increased upon the addition of glycine to the germination solution. Sequencing of these strains 411 revealed common mutations in the yabG coding region or promoter region (Table 1) . Thus, to 412 confirm the TA-only phenotype observed in the EMS-generated mutants is due to the yabG 413 allele, we created a TargeTron mutation in yabG of C. difficile R20291. In contrast to the EMS-414 generated mutants, the yabG mutant spores did not recognize glycine as a co-germinant ( Figure   415 1C, 1D, 1E), and germinated in response to TA-only ( Figure 2B, 2C) . We hypothesize that 416 because a small fraction of the CspBA pool in the EMS mutant strains is processed to CspB and 417 CspA ( Figure 2G) , that the yabG alleles in these mutant strains generate less protein (for the 418 promoter mutants) or less active protein (for mutants in the coding sequence). Under these conditions, the strains can still response to amino acids as co-germinants. However, in the 420 TargeTron mutant, CspBA is unprocessed and the strain is unable to recognize amino acids.
421
These phenotypes could be complemented by expressing yabG in trans from a plasmid. Oddly, 422 we noticed that spores derived from the complemented strain released CaDPA in response to TA 423 alone but this was not observed when germination was measured at OD 600 (Figure 2F vs. 2C) . 424 We further analyzed this observation and found that the supposed CaDPA release observed in the 425 complemented strain in the presence of TA alone was due the presence of Tb 3+ in the assay (Tb 3+ 426 is absent from the germination solution in the OD 600 assay). We are preparing a separate 427 manuscript to report this in detail.
428
To understand if spores derived from the yabG mutant recognized other amino acids as 429 co-germinants, we tested L-alanine. L-alanine is the second-best co-germinant during C. difficile 430 spore germination with an EC 50 value of 5 mM [32, 48] . Because C. difficile RS08 (yabG::ermB) 431 spores did not respond to glycine or L-alanine ( Figure S2 ), these results suggest that the 432 protein(s) YabG processes is / are responsible for recognition of the various amino acids used as CspA is tethered to CspB, CspC alone prevents CspB from cleaving proSleC into its active form, 514 and TA might dislodge CspC from CspB (this is consistent with our prior publication that 515 indicates that CspC may have an inhibitory activity during spore germination [33] ). Moreover, 516 our data suggest that the N-terminus of CspA might be important for formation of this Acknowledgments 525 We thank members of the Sorg lab for critical reading of this manuscript and their helpful 526 comments during this study. We also thank members of Dr. Leif Smith's laboratory at Texas 527 A&M University for helpful comments during preparation of this manuscript. difficile UK1 vegetative cells were treated with EMS, (2) EMS mutagenized cells were recovered 533 and allowed to form spores, (3) purified spores were suspended for 15 minutes in germination buffer supplemented with 10 mM TA and 10 mM betaine and then washed twice with buffer 535 alone, (4) germinated spores were plated onto BHIS agar medium to permit colony formation, 536 (5) strains were enriched by exposure TA and betaine, iteratively, 4 -5 times, and (6) spores 537 from the mutant strains were isolated for screening. The germination phenotype of wild type C. 538 difficile UK1 (B) and mutant spores (C -E) were screened by measuring CaDPA release in 539 presence of (•) 30 mM glycine, (■) 10 mM TA or (▲) 10 mM TA and 30 mM glycine. The data 540 points represent the data from a single germination experiment. Germination plots performed in 541 triplicate yielded error bars that obscure the data. For transparency, all germination plots can be 542 found in Figure S1 . 
